Western cherry fruit fly, Rhagoletis indifferens Curran (Diptera: Tephritidae), is a quarantine pest of sweet cherry (Prunus avium (L.) L.) that is managed using insecticides, including spinosad, an organic compound that can be applied in low spray volumes. Identifying factors that can increase the efficacy of spinosad can be useful for improving fly control. Here, the major objective was to determine if temperature mediates kill and oviposition of R. indifferens in the presence of low spinosad coverage in the laboratory. Experiments were conducted by placing flies in cages with cherries and with a Petri dish containing 3-12 small spots of dry spinosad at 18.3, 23.9, and 29.4 C. Effects of spinosad rates were also determined. More flies were killed at 23.9 and 29.4 C than at 18.3 C by 1-7 d post exposure. More flies were killed at 29.4 than 23.9 C by 1 d post exposure. However, flies laid more eggs at these temperatures than at 18.3 C. Higher spinosad rates increased kill and decreased oviposition, but even within the highest rate, oviposition was greater at 29.4 than 18.3 C. More flies walked over 5min observation periods at 29.4 and 23.9 C than 18.3 C, suggesting higher temperatures up to 29.4 C increase kill by increasing fly contact with spinosad as well as increase oviposition rate. Results suggest that spinosad rates in sprays used against R. indifferens should be greater at higher than lower ambient temperatures.
they could lead to more rapid incidental contact with spinosad drops from low volume sprays, causing faster and greater kill. Lower temperatures would result in fewer or later encounters with toxin. In central Washington cherry-growing regions, high temperatures during cherry season from May to July range from 19 to 32 C (Anonymous 2015) ; average May to June temperatures from 12-21 C (Frick et al. 1954) . Thus, flies could be exposed to broad temperature ranges, making temperature a potentially relevant factor for fly control.
Another factor that influences the efficacy of low volume spinosad sprays against R. indifferens is spray coverage patterns or rates (Yee and Chapman 2005) . However, it is unknown if and how effectiveness of spinosad rates depends on temperature. If high temperatures increase fly movements, then contacts with toxin will be more frequent, so spinosad rates used may be less critical at higher than lower temperatures. Conversely, spinosad rate at low temperatures may be more affected because rates need to be higher to offset low frequencies of fly contact with toxin.
Here, the major objective was to determine if temperature mediates kill and oviposition of R. indifferens in the presence of simulated low spinosad coverage in the laboratory. The hypothesis was that fly kill is greater at higher temperatures, resulting in reduced oviposition, as dead or dying flies would be unable to carry out this activity. A secondary objective was to determine the effects of spinosad spot numbers and different rates of dry spinosad on fly kill and oviposition.
Materials and Methods
Flies and Cherries Flies were reared from larvae infesting sweet cherries collected from central Washington in June to July 2013 and 2014. Larvae exited cherries placed on hardware cloth suspended in tubs and pupated. Pupae were collected, held at $21 C for 1 wk, and then at 3-5 C for 6-8 mo before transferal to 23-24 C for adult emergence and aging for tests. Sets of 30 males and 30 females were maintained in 1.9-liter (16.2 cm diameter by 10.5 cm high) paper containers (cages) without cherries and with dry sucrose-yeast extract food on a paper strip and a water wick before experiments. Cages were covered with a light bridal cloth. Ripe sweet cherries used in experiments were obtained commercially from Chile. Cherries were rinsed in water, dried, and held at 21-22 C for $3 h before testing.
Design of Temperature and Spinosad Experiments
Three experiments were set up. For all three, a two or three temperature Â one control and three spinosad spot or rate design for "young" (<6 d old) and "old" (>6 d old) flies was followed. Five replicate cages of all 12 treatments were set up at a photoperiod of 16:8 (L:D) h, $2,300 lux (mean), and $16-30% RH, with all treatments of each set up on the same day. Mean temperatures tested in Experiments 1 and 2 were 18.3 C (65 F), 23.9 C (75 F), and 29.4 C (85 F) (range of 6 1 C); in Experiment 3, 18.3 and 29.4 C. As flies do not lay eggs until 6 d post eclosion at the earliest (Frick et al. 1954) , young and old flies were tested. Also, flies with low (probably young) and high (older flies) egg loads are found in orchards (W.L.Y., unpublished). At the start of all experiments, young and old flies were 2-4 d and 12-18 d post eclosion, respectively. In Experiment 1, numbers of spinosad spots differed, but the total amount of spinosad was the same. In Experiments 2 and 3, the number of spinosad drops was the same, but spinosad rates differed (see following).
Entrust (WP 80% spinosad by weight; Dow AgroSciences, Indianapolis, IN) was used as the source of spinosad. Drops of spinosad solution were placed on 71-cm 2 Petri dishes (9.5 cm diameter by 1.3 cm high) and dried at 21-22 C for 1 d before experiments. In Experiment 1, a control (no spinosad) and three, six, and 12 spinosad spots per dish were tested, applied as drops of 100 ml each at label rates of 18.7, 9.35, and 4 .68 mg Entrust per 100 ml water, respectively, for a total of 0.045 mg spinosad per dish ( Fig. 1A) . For Experiments 2 and 3, a control (no spinosad) and 0.003, 0.006, and 0.015 mg spinosad rates per dish were tested, applied in 10 drops of solution at 10 ml each ( Fig. 1B) . One dish was placed on the bottom of each 1.9-liter paper cage with food and water. Spinosad in the dish covered <1% (<1.3 cm 2 ) of the surface of the cage bottom (154 cm 2 ).
For all experiments, 10 female and 10 male flies were introduced into a cage. Five cherries (not treated with spinosad) were placed beside a dish with or without spinosad. Experiments 1 and 2 ran for 7 d. The five cherries were replaced at 3 d, for a total of 10 cherries. Dead flies at 1, 3, and 7 d postexposure were counted. Seven days was chosen as the end of experiments to match the recommended spinosad spray interval in the field. Experiment 3 ran for 10 d to account for 10-d spray intervals and to allow the few surviving flies left at day 7 an additional 3 d to oviposit. For Experiment 3, cherries were replaced at 3 and 7 d for 15 total cherries, and dead flies counted at 1, 3, 7, and 10 d. Cherries were stored in 70% ethanol for >1 wk to bleach their skin so that the white eggs $1 mm beneath the skin surface could be seen under a microscope at 40-50Â. Total eggs laid in the two (Experiments 1 and 2) or three sets (Experiment 3) of cherries were counted. Numbers of eggs in all dead and live females (stored in 70% ethanol) were counted at the end of experiments to help explain oviposition patterns.
Temperature Effects on Fly Activities
To test the hypothesis that higher temperatures cause flies to be more active and therefore could increase incidental fly encounters with spinosad, video recordings of flies at 18.3, 23.9, and 29.4 C were made. Three to five 1.9-liter cages each with five young (2-4 d) A or five old (14-16 d) females were placed in a test room with one of the temperatures 1 d before recordings. Five replicates, each comprising three to five cages on one day within a 10-d block of time, were completed. Temperatures in the room were adjusted on different days. Cages were covered with light bridal cloth, and food and water provided. No spinosad was inside cages. Light intensity at cage level was $2,300 lux and RH was 16-22%. The inside of a cage was white, allowing flies to be seen. A digital camera (Rebel T2i EOS, Canon, Tokyo, Japan) was mounted 45 cm above a cage to record fly activities for 5 min twice per day, at 9-10 and 13-14 h after lights on during a photoperiod of 16:8 (L:D) h, when flies are known to be active. Numbers of flies that moved > one body length and fly walking durations were determined by an observer who reviewed recordings and timed walking events using a stopwatch. Flies rarely flew, so flight data were not recorded. For each replicate, a mean value from the two recording periods was obtained. In addition, speeds of one continuous walking event (cm/s) for each of five to 12 randomly selected young and old flies at 18.3, 23.9, and 29.4 C (from four random cages) were recorded. Irregular walking paths were difficult to measure, so only speeds of straight or nearly straight walking events were recorded.
Statistics
The objective was to distinguish among temperature and spinosad categories rather than to fit regression models to the data. Males were used for mating to simulate a natural condition, but males do not damage fruit or lay eggs, so only female data are presented. Fly kill data and numbers of eggs laid and percentages of eggs not laid (retained) by young flies did not follow a normal distribution and some treatments had no variance (zero deaths or 100% egg retention), so the Friedman chi-square test (SAS Institute Inc. 2015) was used to analyze temperature and spinosad effects. Temperatures within spinosad treatments and spinosad treatments within temperatures were analyzed for each day followed by Fisher's lsd multiple comparisons on ranks as described by Conover (1980) . For old flies, numbers of eggs laid and percentages of eggs retained after squareroot and arcsine-transformations, respectively, were normal and were analyzed using a randomized block analysis of variance (ANOVA) with temperature and spray coverage as fixed factors, blocking on replicate day, followed by lsd tests. Fly age was not included in the ANOVA because there were too many zero egg counts for young flies, such that data were not normal. IDRE (2015) . Fly activity levels (number of flies, square-root transformed; walking duration, log-transformed to normalize data and reduce variance) were analyzed using randomized block (period of testing) ANOVA or one-way ANOVA (speed) using PROC GLM and lsd tests. 
Results

Temperature and Spinosad Effects on Fly Kill
In Experiment 1 within spinosad spot treatments, more young and old female flies were killed at 23.9 and 29.4 C than at 18.3 C (Fig. 2 ). Largest differences among temperatures were seen at days 1 and 3 ( Fig. 2) . On day 1, more young flies were dead at 29.4 than 23.9 C in the six-spot treatment; more old flies were dead in three-and six-spot treatments. On days 5 and 7, no differences in kill were seen at 23.9 and 29.4 C, but for young and old flies, kill at these temperatures was usually greater than at 18.3 C in three-and six-but not 12-spot treatments. In Experiment 2 ( Fig. 3) , similar temperature effect patterns were seen, as more young and old flies were usually killed at 23.9 and 29.4 than 18.3 C within spinosad rate treatments. For young flies, there were no differences in kill caused by temperature at the 0.003 mg spinosad rate, but the two higher temperatures caused greater kill at the two higher spinosad rates. For old flies, kill caused by temperature differences were seen at all spinosad rates. In Experiment 3, there were usually more dead flies at 29.3 than 18.3 C, except at days 1 and 10 when maximum fly kill was approached or attained ( Fig. 4) . In Experiments 2 and 3, temperature effects occurred more often at the lowest than higher spinosad rates ( Figs. 3 and 4) . Spinosad rate effects on fly kill were detected (at days 1 and 5 or 7, Table 1 ), but were variable. In Experiment 1, higher numbers of spinosad spots usually did not increase fly kill (Fig. 2; Table 1 ). In Experiments 2 and 3, however, higher spinosad rates usually did increase fly kill ( Figs. 3 and 4 ; Table 1 ). However, differences among spinosad rates occurred more often at the higher temperatures than 18.3 C, where rates made no difference at day 1 (Table 1) .
Temperature and Spinosad Effects on Fly Oviposition
More flies were killed earlier at higher temperatures (Figs. 2-4) in Experiments 1-3, but oviposition was greater at 23.9 and/or 29.4 C than 18.3 C, with flies generally retaining more eggs than they laid ( Figs. 5-7) . In Experiment 1 for young and old flies (Fig. 5 ), there were no temperature effects on oviposition within spinosad spot treatments. In Experiments 2 and 3 for young and old flies (Figs. 6 and 7), oviposition at 23.9 and 29.4 C was greater than at 18.3 C at the 0.003 mg spinosad rate but not always at the two higher spinosad rates (Figs. 6C and 7C). For old flies, this resulted in interactions between temperature and spinosad coverage (Figs. 5-7, Table 2 ). Higher spinosad rates caused lower oviposition in some cases (P < 0.05), numerically if not always statistically.
With the exception of young flies in Experiment 1 (Fig. 5B ), flies at 18.3 C retained more eggs than flies at 23.9 and 29.4 C (Figs. 5D; 6B, D; 7B, D; Experiment 1: block: F ¼ 3.08; df ¼ 4, 44; P ¼ 0.0255; temperature: F ¼ 16.12; df ¼ 2, 44; P < 0.0001; spinosad spots: F ¼ 20.96; df ¼ 3, 44; P < 0.0001; temperature Â spots: F ¼ 0.58; df ¼ 6, 44; P ¼ 0.7405; Experiment 2: block: F ¼ 27.19; df ¼ 4, 44; P < 0.0001; temperature: F ¼ 27.33; df ¼ 2, 44; P < 0.0001; spinosad rate: F ¼ 11.67; df ¼ 3, 44; P < 0.0001; temperature Â rate: F ¼ 0.84; df ¼ 6, 44; P ¼ 0.5477; Experiment 3: old flies: block: F ¼ 1.17; df ¼ 4, 28; P ¼ 0.3455; temperature: F ¼ 30.88; df ¼ 1, 28; P <0.0001; spinosad rate: F ¼ 21.57; df ¼ 3, 28; P < 0.0001; temperature Â rate: F ¼ 0.16; df ¼ 3, 28; P ¼ 0.9206). In Experiment 1, a higher percentage of eggs was retained by old flies in the six-than 12-spot treatment (P < 0.05); in Experiments 2 and 3 in young and old flies, highest egg retention occurred at the highest spinosad rates (P < 0.05).
Temperature Effects on Fly Activities
More flies walked over 5 min at 23.9 than at 18.3 and 29.4 C, with fewest walking at 18.3 C (Figs. 8A, B ; young: F ¼ 26.26; df ¼ 2, 8; P ¼ 0.0003; old: F ¼ 37.48; df ¼ 2, 8; P < 0.0001). Walking duration of flies was greater at 23.9 and 29.4 than 18.3 C (Figs. 8C, D; young: F ¼ 11.03; df ¼ 2, 8; P ¼ 0.0050; old: F ¼ 6.53; df ¼ 2, 8; P ¼ 0.0208). Mean walking speed 6 SE of young flies at 18.3 C (0.21 6 0.06 cm/s, n ¼ 5 flies) was $ 4 times slower than at 23.9 and 29.4 C (0.90 6 0.15 cm/s, n ¼ 10 flies; and 0.93 6 0.11 cm/s, n ¼ 9 flies, respectively, which did not differ; F ¼ 6.79; df ¼ 2, 21; P ¼ 0.0053). Mean walking speed 6 SE of old flies at 18.3 C (0.47 6 0.02 cm/s, n ¼ 10 flies) was $3 times slower than at 23.9 and 29.4 C (1.38 6 0.10 cm/s, n ¼ 12 flies; and 1.49 6 0.18 cm/s, n ¼ 12 flies, respectively, which did not differ; F ¼ 13.96; df ¼ 2, 31; P < 0.0001).
Discussion
The hypothesis that kill of R. indifferens is greater and oviposition is lower at higher than lower temperatures in the presence of low spinosad coverage was partly supported using young and old flies. Specifically, at 23.9 and 29.4 C, flies were usually killed by spinosad in greater numbers earlier than flies at 18.3 C, as predicted. Because higher temperatures did not increase mortality of control flies, higher temperatures themselves unlikely were the cause for the greater kill of flies with access to spinosad. Contrary to the hypothesis, however, flies at the two warmer temperatures laid more eggs than flies at 18.3 C. Thus, high fly kill alone does not predict the effectiveness of spinosad against oviposition at different temperatures. Such effects of temperatures have not been reported before.
One possible explanation for the greater kill of R. indifferens at 23.9 and 29.4 C is that higher temperatures increased fly activity and single or repeated contacts with spinosad or by some other process related to increased metabolism. Either incidental contact or ingestion of spinosad can kill flies (Yee and Chapman 2005) . Flies at 18.3 C were slower and it probably took them longer to encounter the spinosad. Observations of behaviors over the entire light period of flies encountering spinosad would be needed to further support this hypothesis. An alternative explanation for greater kill of R. indifferens at higher temperatures is that heat increases the toxicity of spinosad. However, this is unlikely, as the toxicity of spinosad (in liquid) to houseflies, Musca domestica L., was greater at lower than higher temperatures (Khan and Akram 2014) . Topically applying small amounts of spinosad onto R. indifferens and then placing the flies at different temperatures would be needed to address this possibility.
Fly oviposition levels may be influenced by temperature as are behaviors such as walking, flying, mating, or feeding (Yee 2002) . R. indifferens oviposits over shorter periods at 18.3 and 21.1 than 26.7 C (Kamal 1954 ), suggesting cooler temperatures slow egg laying. Likewise, preoviposition in the walnut husk fly Rhagoletis completa Cresson was slowest at 8 C and most rapid at 28 C (Kasana and AliNiazee 1994) . Thus, higher temperatures to a certain point may increase oviposition levels. Oviposition by R. indifferens occurs relatively quickly at 26-28 C, so small amounts of spinosad ingested may not kill old flies fast enough to prevent oviposition (Yee 2010a ). This may partly explain how both early kill and oviposition can occur at relatively high levels in flies in the presence of spinosad, which seems contradictory.
In Experiments 1 and 2 at days 3-10, fly kill did not differ at 23.9 and 29.4 C, suggesting walking levels greater than that at 29.4 C (lower than at 23.9 C; Fig. 8A, B) , were not necessary to maximize kill under the specific test conditions. However, at day 1, greater kill occurred at 29.4 than 23.9 C, so possibly more flies ingested spinosad earlier in experiments at 29.4 than 23.9 C because flies stayed at spots longer. Any early differences, however, did not affect kill and oviposition after day 3.
Flies could move or feed at faster and greater rates under ideal temperatures rather than low or high temperatures. With respect to high temperatures, temperatures greater than 29.3 C were not tested because they do not occur frequently during the early to middle parts of the cherry season in Washington (Anonymous 2015) . Temperatures > 29.3 C could affect fly kill and oviposition in the presence of spinosad if they reduce fly activity and thus early encounters with spinosad. Mating frequencies and oviposition periods of R. indifferens were lower at 32.2 than 26.7 C (Kamal 1954 , Frick et al. 1954 . Hot weather slows fly activity and may cause flies to seek shade or shelter outside host trees, as evidenced by flies disappearing from view in trees at temperatures >32.2 C (Yee 2002) . Also, temperatures >28 C reduced oviposition by R. completa (Kasana and AliNiazee 1994) and temperatures of 18.3-35.0 C compared with 18.3-23.9 C reduced reproduction by the olive fruit fly Bactrocera oleae (Rossi) (Wang et al. 2009 ).
Egg retention results from flies in cages with and without spinosad indicate that 18.3 C reduced oviposition, and that flies at this temperature did not simply develop and lay fewer eggs. In addition, old flies that presumably developed many eggs at pretest temperatures of 23-24 C for $2 wks (Yee 2010b) but were then moved to 18.3 C retained greater percentages of their eggs than flies at 23-24 C that were moved to 23.9 or 29.4 C. This indicates that cool temperatures can suppress oviposition of flies that have been held at warm temperatures for extended periods, and suggests sudden decreases in temperatures may also reduce it.
Higher spinosad rates generally resulted in greater kill of flies, as expected (Yee and Chapman 2005) , as well as lower oviposition. However, spinosad rates only made a difference in kill early in experiments at the higher temperatures probably because flies at 18.3 C were equally slow in finding all the rates. Even within the highest spinosad rate, oviposition was greater at 29.4 than 18.3 C, indicating oviposition occurred more rapidly at higher temperatures, consistent with the lower egg retention in flies at 29.4 C within this rate (Fig. 7) . At the later days, maximum fly kill was approached or attained in the higher temperature treatments, so significant differences would not be anticipated at these days.
Many factors in the field could complicate control of R. indifferens, so it is unclear whether results have direct relevance in the field. An implication is that fly control using high spinosad rates in low volume sprays could be more effective during cool periods when oviposition is slower, using weekly sprays to target young flies, as done with other insecticides (AliNiazee 1978) . Specifically, at 18.3 C in the 12 spinosad spot and 0.015 spinosad rate treatments, young flies did not lay any eggs, which would satisfy the zero tolerance. Also, at 18.3 C in the 0.015 spinosad rate treatment, almost no eggs were laid by young flies. Old flies lay more eggs and more quickly than young flies (Yee 2003) , so they may need to be controlled using less desirable high volume spinosad sprays (Flye Sainte Marie 2003) . However, oviposition by old flies in unmanaged trees outside orchards could also be better controlled when it is cooler.
In summary, results show that higher temperatures up to 29.4 C increase kill but also oviposition of R. indifferens in the presence of low spinosad coverage. Results suggest that spinosad rates in sprays used against R. indifferens should be greater at higher than lower ambient temperatures, as even one oviposition event due to temperature effects could lead to economic loss for a grower. To test this hypothesis, field studies to determine correlations between temperature parameters, fly catches, and egg and larval infestations in cherry fruit seem warranted and could help lead to better fly management decisions using spinosad sprays. 
